potent mutagen in the field of microbial genetics, since Mandell and Greenberg (1960) discovered its mutagenicity.
Because of its exceedingly potent mutagenic action, the molecular mechanism of the mutagenicity is of much interest to know, but it remains still unclarified. Eisenstarck et al. (1965) studied the mutagenic action of nitrosoguanidine on Salmonella typhimurium and found that the mutation induced by nitrosoguanidine was of non-transitional as well as transitional types. Cerda-Olmedo et al. (1967) recently described the effect of nitrosoguanidine on macromolecules and their synthesis, in connection with the lethal and mutagenic action.
They found that repair replication of DNA took place after the treatment with nitrosoguanidine. It was reported by Mandell et al. (1961) that a strain resistant to nitrosoguanidine showed cross-resistancy to the radiomimetic compounds as well as to ultra-violet light.
There are several reports showing that nitrosoguanidine has radiomimetic actions. However, most of these studies were performed in Escherichia coli or Salmonella typhimurium, and less information is available on the action of nitrosoguanidine in Bacillus subtilis.
In the present paper, we report on studies of various responses of B. subtilis to nitrosoguanidine ; lethal and mutagenic sensitivities, repair of lethal damage induced, and the effect induced in DNA molecules.
MATERIALS AND METHODS
Strains of Bacillus subtilis used were 1-168 (trp2-) and 1-101 (trp2-phe96-amyl2-).
Strain 1-101 was isolated from strain 1-85 (trp2-amyl2-) after treatment with nitrosoguanidine.
It was found that phes6 was linked to amy, approximately 30% of phes6~ transf ormants being amylase producers (Yuki and Ueda 1968) .
Cells were grown in the Spizizen's minimal medium supplemented with the required amino acids (20 pg/ml).
Viable cell count was done on a nutrient agar. Phenylalanine independent revertants in strain 1-101 were scored on a minimal agar supplemented with D, L-tryptophan. N-methyl-N'-nitro-N-nitrosoguanidine (Aldrich Chemical Co., Milwaukee, Wis.) was dissolved in sterilized distilled water before use in each experiment.
Transforming DNA was extracted according to the method of Marmur (1961) and 1) Present address : Department of Biochemistry, Medical School, Osaka University, Osaka 530 AND S. YUKI assay of DNA was performed by the diphenylamine method. Procedure of transformation was the same as described before (Yuki 1967) .
Selection of phe96+ transf ormants of strain 1-101 was done on a minimal agar supplemented with tryptophan and containing 0.2 % of starch. After colonies of phe96+ transformants became visible, iodine solution was flooded on agar plates and amylase producing colonies (amy+) surrounded by halo of hydrolysed starch were scored.
RESULTS
Killing action of nitrosoguanidine : Cells of strain 1-168 were grown in the minimal medium supplemented with tryptophan for 5 hours and, after washing, treated with differnt concentrations of nitrosoguanidine in the minimal medium (without added glucose) containing tryptophan, and then the suspensions were kept at 37°C.
At intervals, samples were removed to determine the number of viable cells.
As can be seen in Fig. 1 , rate of decrease in viable cells was high during the initial five minutes of the treatment, but slowed down afterwards, tending to follow an exponential rate. When nitrosoguanidine was added to the culture of cells growing in the minimal medium supplemented with tryptophan, however, decrease in viable cells was at a low rate upto twenty minutes, and then followed by a rapid exponential rate for a long period. Cell cultures pretreated by phenethyl alcohol (0.3 %) for 60 minutes were less sensitive to killing by nitrosoguanidine. Cerda-Olmedo et al. (1967) reported that in E. coli, a remarkably slow decrease was observed when cells in exponential phase and in stationary phase were treated with nitrosoguanidine in buffer, but when cell culture was not in Cells of 1-101 were treated with nitrosoguanidine (25 erg/ml) in the minimal medium (without added glucose) containing tryptophan, and mutants, phe+ revertants of 1-101, were counted on the minimal agar plate containining tryptophan.
-0-; survival cells/ml, --t--; phe+ revertants/survivor. fully exponential phase, a rapid exponential decrease was followed by a less rapid decrease of viable counts.
It is not known why cells at different growing conditions respond differently to the killing action of nitrosoguanidine.
Induction of mutation by nitrosoguanidine : Strain 1-101 was treated with nitrosoguanidine (25 pg/ml) and reversion to phe+ was scored.
As shown in Fig. 2 , f requency of phe+ revertants increased rapidly during the first twenty minutes of this treatment, and then less rapidly for the further treatment.
With a higher dose of nitrosoguanidine, a similar pattern of mutation induction was observed. In Fig. 3 , are plotted surviving cell counts and frequency of revertants obtained when cells were treated for 20 minutes with different concentrations of nitrosoguanidine.
It will be seen that the frequency of revertants increases with increase in concentration of nitrosoguanidine. A similar pattern of rapid increase in frequency of revertants during the initial period of the treatment was also observed when growing cell culture was treated with nitrosoguanidine.
Pretreatment with phenethyl alcohol did not affect the mutagenic action of nitrosoguanidine. It was observed by several investigators (Mandell et al. 1960 , Eisenstarck et al. 1965 and Adelberg et al. 1965 ) that nitrosoguanidine induced mutation efficiently in the low lethal dose range.
Repair of lethal damage : The nature of the lethal damage induced by nitrosoguanidine was inquired by investigating whether this damage could be repaired or not. It was reported (Witkin 1961 ) that dark repair of UV damage on DNA was inhibited by acriflavine (AF). Therefore, the effect of AF on the repair of the nitrosoguanidineinduced damage was examined.
The cells of strain 1-101 were treated with nitrosoguanidine (100 tg/ml) for 30 minutes. The treated cells were washed and resuspended in the minimal medium (without added glucose) containing tryptophan in the presence (0.3 pg/ ml) or absence of AF and incubated with shaking at 37°C. This concentration of AF was found to have little effect on the viability of the cells.
At intervals, samples were removed for determination of the numbers of viable cells and phe+ revertants. Viable cell numbers and revertants were scored on plates containing AF of 0.3 pg/ml.
As shown in Fig. 4 , in the absence of AF, the numbers of viable cells were found to increase approximately three fold during the 120 minute incubation, while in the presence of AF, the numbers of viable cells remained unchanged during the incubation. Mutation induction by nitrosoguanidine. 1-101 were treated for 20 minutes with concentrations of nitrosoguanidine.
-a-; cell numbers/ml, -•--; phe+ revertants/ AND S. YUKI Cells not treated with nitrosoguanidine did not show such increase in viable cell numbers under the same culture conditions. After treating the cells with nitrosoguanidine of the concentration of 25pg/ml for different time periods, viable cell numbers were counted on the nutrient agar with and without added AF (0.3 pg/ml).
Higher viable cell counts were obtained on the nutrient agar without AF than on the agar with AF.
These results suggest that lethal damage induced by nitrosoguanidine can be repaired and the repair is inhibited by AF. Thus, it is likely that nitrosoguanidine produces lethal damage on DNA which is repaired by a similar mechanism to the dark repair of UV damage.
Since, as shown in Fig. 4 , the numbers of the revertants did not show any change during incubation while viable cell numbers increased, it may be concluded that the repair of lethal damage did not have any relation to mutation induction.
This may support the assumption that mutational damage is different from lethal damage.
Effect on DNA:
The repair of lethal damage suggests that nitrosoguanidine might affect DNA.
Therefore, the effect of nitrosoguanidine on the biological activity of DNA was examined. Cells of strain 1-168 were treated with nitrosoguanidine (50 pg/ml) for 60 minutes.
From the nitrosoguanidine-treated cells, DNA was extracted according to the method of Marmur (1961) and was used to transform strain 1-101.
As shown in Table 1 , No decrease in the amount of TCA-precipitable DNA was observed immediately after the treatment with nitrosoguanidine.
This might mean that as the result of nitrosoguanidine-treatment, the DNA molecules were broken to the size or form unprecipitable by ethanol in the method of Marmur. This accords with the finding that nitrosoguanidine-treatment lowered the genetic linkage of phe96 and amy.
To see if nitrosoguanidine affects DNA in vitro, purified DNA in saline-citrate (0.15 M NaCI and 0.015 M Na-citrate) was treated with 100 pg/ml of nitrosoguanidine for 60 minutes.
The treated DNA was reprecipitated by ethanol and dissolved in salinecitrate.
Recovery of DNA after the treatment was similar to that in control experiment.
It will be seen in Table 1 that the treatment in vitro did not have any effect on the transforming activity and the linkage of phe96 and amy.
DISCUSSION
In this study, it was found that lethal damage induced by nitrosoguanidine may be repaired and that the repair may be inhibited by acriflavine.
Cerda-Olmedo et al.
(1967) reported that in E. coli, a UV sensitive strain, B;_1, which was defective in the dark repair mechanism, was sensitive to nitrosoguanidine. They also showed that repair replication of DNA took place after the treatment with nitrosoguanidine. They concluded from these results that the lethal damages induced by UV and nitrosoguanidine might be repaired by the same or very similar mechanism.
The finding that acriflavine inhibits the repair of lethal damage induced by nitrosoguanidine seems to support their conclusion, since it was reported that acriflavine inhibited the repair of damage produced by UV on DNA molecules (Witkin 1961) . Iwo et al. (1966) and Kondo et al. (1966) , however, observed no difference in nitrosoguanidine sensitivity between a UV-sensitive strain and a UV-resistant strain, and observed no repair of the lethal damage in E. coli.
The discrepancy might have come from the difference of the sensitive strains they used.
However, the repairable damage seems to have no connection to mutation induction. Cerda-Olmedo et al. (1967) came to the same conclusion from the fact that nitrosoguanidine showed the same high mutagenicity to Ba_1 as to a UV-resistant strain. Thus, it seems that nitrosoguanidine exerts some unknown effect, which is different from the lethal damage, and turns to mutation at very high efficiency.
We found that mutation was induced more efficiently at the initial period of the treatment than at the later period of the treatment, which led to marked loss of viability. Cerda-Olmedo et al. (1967) reported that nitrosoguanidine had marked tendency to mutagenize the growing point of the chromosome by direct action on the DNA specifically placed in this region or maybe transient interaction with the replication system. Since they described that nitrosoguanidine exerted marked effect on protein, the interest explanation is that nitrosoguanidine affects DNA polymerase and the altered polymerase would make mistake in DNA replication. An alternative explanation may be proposed, however, that nitrosoguanidine produces specific damage on the DNA at the growing point of replication, and that the damage finally turns to mutation efficiently. Iwo et al. (1966) and Kondo et al. (1966) assumed that nitrosoguanidine would produce non-repairable damage on DNA, or that the primary target of nitrosoguanidine might be some cellular components other than DNA, which would affect the process of mutagenesis.
We found that less amount of DNA could be isolated from nitrosoguanidine treated cells.
This might mean that nitrosoguanidine treatment breaks DNA molecule to the size unprecipitable by ethanol in the method of Marmur (1961) , or that nitrosoguanidine produces alterations on DNA molecule which render it susceptible to the action of nuclease during the course of extraction. It was reported by Strauss et al. (1966) that extract of Micrococcus lysodeikticus had an endonucleolytic activity which acted specifically on the UV-irradiated DNA molecule containing pyrimidine dimers and induced breaks in the molecule.
They described that extract of B. subtilis had a similar activity.
According to Strauss et al. (1966) , after the UV damage had been repaired, the UV-irradiated DNA was no more susceptible to the action of the nuclease. We do not know whether the repairable lethal damage induced by nitrosoguanidine is connected with breaks in DNA molecules, but the DNA breaks, if produced, could be lethal to cells. The observed decrease in a genetic linkage due to the action of nitrosoguanidine might be connected with such DNA breaks.
In the present study, we could not observe any effect of nitrosoguanidine on the biological activity of DNA in vitro.
On the contrary, Terawaki et al. (1965) reported that nitrosoguanidine inactivated the transforming activity of DNA in vitro. According to J. Greenberg (c. f. Cerda-Olmedo et al. (1967) ), reaction of nitrosoguanidine with DNA or its isolated bases is very low.
We could not detect any change in the absorbancy of DNA when purified DNA was treated with nitrosoguanidine in vitro. This leads to the conclusion that some cellular components must be involved in the observed action of nitrosoguanidine on DNA molecule.
SUMMARY
The effects of nitrosoguanidine on Bacillus subtilis were studied. Lethal damage produced by nitrosoguanidine was repairable in the sense that the repair was inhibited by acriflavine.
Mutation was induced more efficiently at the initial period of the treatment when the killing effect was not high.
The repairable damage seems to have little connection to the potent mutagenic action of nitrosoguanidine. It was also found that less amount of DNA could be isolated from nitrosoguanidine-treated cells, and the genetic linkage was lowered in the DNA isolated from treated cells, as compared with DNA isolated from untreated cells.
It was postulated from these results that nitrosoguanidine would produce some unknown damage on DNA or on some other cellular components which would then act to induce mutation at very high efficiency.
